INTRODUCTION {#s1}
============

The precise mapping of the Cowden syndrome susceptibility gene to 10q22-q23 in 1996 facilitated the isolation of *p*hosphatase and *ten*sin homologue deleted on chromosome 10 \[*PTEN* (MIM 601728)\], also known as *MMAC1* or *TEP*1, the following year ([@DDN185C1]--[@DDN185C4]). Germline mutations in *PTEN* have been identified in 85% of probands with Cowden syndrome \[CS (MIM 158350)\], an under-diagnosed autosomal dominant disorder with a high risk of benign and malignant breast, thyroid and endometrial neoplasias ([@DDN185C5]--[@DDN185C7]). Subsequently, somatic mutations or deletions of *PTEN* have been identified in variable subsets of a broad range of sporadic tumour types, including those of the breast, thyroid, colorectum, endometrium, melanoma and prostate ([@DDN185C8]--[@DDN185C10]).

The role of PTEN\'s lipid phosphatase activity as a negative regulator of the cytoplasmic phosphatidylinositol-3-kinase (PI3K)/Akt pathway is well known. In recent years, we have begun to elucidate the role of PTEN in regulating cellular pathways in other compartments of the cell. Initially we, and others, had observed PTEN in the nucleus using immunohistochemical analyses in breast, thyroid, endocrine pancreatic tumours and cutaneous melanomas ([@DDN185C11]--[@DDN185C13]). Subsequent studies, by us, and others, have shown that PTEN does, indeed, traffic to the nuclear compartment. Further, PTEN immunohistochemistry has revealed nuclear expression in several tissue types, including breast, which appear to be highest in normal cells and diminish, with concomitant increase in expression in cytoplasm, with neoplastic progression, indicating that the subcellular localization of PTEN plays a role in its function ([@DDN185C12],[@DDN185C13]). Indeed, nuclear PTEN has been shown to regulate cell cycle and to regulate MAPK activation ([@DDN185C14],[@DDN185C15]). Nuclear PTEN mediates growth suppression independent of AKT down-regulation and is essential for maintaining chromosomal integrity through physical association with the kinetochore ([@DDN185C16]).

Despite the lack of classical nuclear localization signal (NLS) motifs on PTEN ([@DDN185C17]--[@DDN185C19]), recent studies have shown that several mechanisms appear to modulate its localization. These include a cytoplasmic localization signal (CLS) ([@DDN185C20]), PTEN phosphorylation and involvement of Ran-GTPase activity ([@DDN185C21],[@DDN185C22]), interaction with Major Vault Protein (MVP) via a bipartite NLS ([@DDN185C17],[@DDN185C23]), mono-ubiquitination ([@DDN185C18]), S6K-mediated export ([@DDN185C24]) and passive diffusion ([@DDN185C25]). Despite this diverse range of mechanisms, none of the current modes of regulation appear to be universally applicable across a variety of cell lines or tissue/tumour types.

The modulation of adenosine triphosphate (ATP) levels has been shown to be therapeutically relevant in the cancer field ([@DDN185C26]). ATP depletion, when used in combination with chemotherapy and/or radiation, has a variety of effects on cancer cells including inducing apoptosis in multi-drug resistant cells and decreasing tumour promotion ([@DDN185C26]--[@DDN185C31]). The exact mechanisms of these effects have not been fully elucidated. Interestingly, several have shown that the PI3K/Akt, pathways also modulated by PTEN, may play a role in these effects ([@DDN185C32],[@DDN185C33]).

Active transport, of molecules and proteins, has been demonstrated in a variety of systems ([@DDN185C34]--[@DDN185C37]). Interestingly, despite this evidence, there has been no examination of the potential role of ATP in modulating PTEN\'s subcellular localization. Based on other protein requirements for active transport, we hypothesized that PTEN would require ATP for its nuclear-cytoplasmic shuttling. Therefore, we sought to examine the effects of ATP modulation on intracellular PTEN localization.

RESULTS {#s2}
=======

Cellular ATP depletion increases nuclear PTEN in breast, colorectal and thyroid carcinoma cells {#s2a}
-----------------------------------------------------------------------------------------------

In order to examine the requirements of ATP for PTEN subcellular localization, we first established a system in which we could deplete cellular ATP levels in a reversible manner. Towards this end, we utilized the conventional method of 2-deoxy-D-glucose (2-DG) and sodium azide ([@DDN185C35],[@DDN185C37]). Treatment using glucose-free media containing 2-DG and sodium azide (ATP depletion media) reduced total cellular ATP levels by ∼90% in 4 h, compared with untreated control cells (Fig. [1](#DDN185F1){ref-type="fig"}). ATP levels could be restored, in a time-dependent manner, by the removal of the ATP depletion media containing the metabolic inhibitors and the addition of fresh glucose-free medium (regeneration media) to each cell line. Within 4 h, cellular ATP levels had been restored to ∼61% of that observed in control cells (Fig. [1](#DDN185F1){ref-type="fig"}). Results comparable to those in Figure [1](#DDN185F1){ref-type="fig"} were obtained, with each of the other cell lines used in this study, in terms of both the magnitude and time-course of ATP depletion and regeneration (data not shown). In this system, we observed, as expected, decreased phosphorylation of MAPK, Akt and PTEN in the ATP depleted state (data not shown). As expected, these molecules were re-phosphorylated when ATP levels were restored.

![Depletion and regeneration of cellular ATP depletion in cultured cancer cells. For cellular depletion of ATP, cells were incubated in glucose-free media containing 6 m[m]{.smallcaps} 2-deoxy-D-glucose and 10 m[m]{.smallcaps} sodium azide. ATP levels were measured using the luciferase--luciferin method, as described in the Materials and Methods. Note that ATP depletion effectively reduced total cellular ATP levels by ∼90% in 4 h, compared with untreated control cells. ATP levels could be restored by the removal of the ATP depletion media, containing the metabolic inhibitors, and the addition of fresh glucose-free medium (regeneration media). This representative graph shows ATP levels in the MCF-7 breast cell line.](ddn18501){#DDN185F1}

Having established a system in which we could reproducibly modulate ATP levels, we next examined the effect of cellular ATP depletion on PTEN subcellular localization. In untreated breast cancer lines, PTEN is present in both the nuclear and cytosolic fractions with MDA-MB-231 breast cancer cells having a higher basal level of nuclear PTEN levels than MCF7 breast cancer cells (Fig. [2](#DDN185F2){ref-type="fig"}A and B). After ATP depletion, total intracellular ATP levels in all cell lines studied decreased to 8--12% of control non-treated cells. In breast cancer lines, ATP depletion resulted in an increase in nuclear PTEN levels, in a time-dependent manner, peaking at 3--4 h (Fig. [2](#DDN185F2){ref-type="fig"}A and B). This was not simply due to an increase in cytosolic contamination, as α-tubulin protein was not detected in the nuclear fractions. In the lines tested, we did not observe a concomitant decrease in cytoplasmic PTEN. This is not unexpected as the vast majority of PTEN is localized in the cytoplasm with a small, but distinct portion present in the nucleus (Fig. [2](#DDN185F2){ref-type="fig"}A--D). The relatively small cytosolic decrease is difficult to detect by western blot. Nevertheless, our data shows that following ATP depletion, the level of PTEN present in the nucleus increases, resulting in a large relative change (Fig. [2](#DDN185F2){ref-type="fig"}A--D).

![Depletion of cellular ATP increases nuclear PTEN protein levels in a reversible manner. Cells were grown and maintained as described in the Materials and Methods. Control cells were maintained in complete medium or glucose-free medium. Cellular ATP was depleted using ATP-depletion media for up to 4 h. Where indicated, ATP was regenerated for 2--4 h. At the indicated time-points, control, ATP-depleted and regenerated cells were subjected to subcellular fractionation and analyzed by western blot for PTEN, α-tubulin (cytosolic marker) or PARP-1 (nuclear marker). (**A**) MCF7 and (**B**) MDA-MB-231 breast carcinoma cell lines, (**C**) RKO colorectal carcinoma cell line and (**D**) WRO-82-1 follicular thyroid cell line.](ddn18502){#DDN185F2}

Because previous work has suggested that mechanisms of PTEN subcellular localization may be cell line-dependent ([@DDN185C19]), we examined the effect of cellular ATP depletion in both colon and thyroid cancer cell lines. Similar to what was observed in the breast cancer cell lines, there was a basal level of nuclear PTEN prior to ATP depletion in both colon (Fig. [2](#DDN185F2){ref-type="fig"}C, [Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1)) and thyroid (Fig. [2](#DDN185F2){ref-type="fig"}D) lines. Additionally, as was observed in the breast cancer lines, depletion of cellular ATP in each of the colon and thyroid cancer cell lines resulted in a time-dependent increase of nuclear PTEN protein (Fig. [2](#DDN185F2){ref-type="fig"}C and D, [Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1)). The data presented in Figure [2](#DDN185F2){ref-type="fig"} demonstrate that the depletion of ATP for 4 h results in a reproducible increase of nuclear PTEN in carcinoma cell lines derived from three different origins.

In order to corroborate the biochemical analyses presented above, we used indirect-immunofluorescence to examine the changes in subcellular localization of endogenous PTEN, following ATP depletion in breast, colon and thyroid carcinoma cells (Fig. [3](#DDN185F3){ref-type="fig"}, [Supplementary Material, Fig. S2B and C](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1)). In agreement with the biochemical observations above, PTEN is found in both the cytoplasm and nucleus in untreated cells of all cell types (complete medium; Fig. [3](#DDN185F3){ref-type="fig"}A--D). After cellular ATP depletion, a gradual increase in nuclear PTEN levels was observed, which peaked at 4 h in all cell lines (ATP depletion, 2, 3 and 4 h; Fig. [3](#DDN185F3){ref-type="fig"}A--D). Merging of the nuclear (DAPI) and PTEN (FITC) images confirmed that the localization of PTEN became more nuclear following ATP depletion for 3--4 h (Fig. [3](#DDN185F3){ref-type="fig"}A and B, panels i, l, o; Fig. [3](#DDN185F3){ref-type="fig"}C panels f, i, l; Fig. [3](#DDN185F3){ref-type="fig"}D, panels f, i, l). Incubation of cells in glucose-free medium did not alter the localization of PTEN (Fig. [3](#DDN185F3){ref-type="fig"}A, panels b versus e), demonstrating that the localization changes were due to an active depletion of ATP and not simply a withdrawal of glucose from the system.

![Depletion of cellular ATP increases nuclear PTEN protein levels in a reversible manner. Cells were grown and maintained for microscopy studies as described in the Methods. Cells were depleted of cellular ATP using ATP depletion media for 4 h. If indicated, ATP was regenerated for 2--4 h. At the indicated times, cells were fixed using 4% paraformaldehyde and processed for indirect immunofluorescence as described. PTEN localization was determined utilizing a FITC-conjugated anti-mouse secondary antibody and nuclei were stained using DAPI. Representative data are shown for (**A** and **B**) MCF-7 breast carcinoma cells, (**C**) RKO colorectal carcinoma cells and (**D**) WRO-82-1 follicular thyroid carcinoma cells. The other cell lines studied had similar responses and are shown in the [supplemental data](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1). All experiments were carried out in duplicate. Approximately 200 cells were counted per individual time point and representative images from three separate experiments are shown. All images were acquired at ×20 magnification.](ddn18503){#DDN185F3}

Regeneration of cellular ATP decreased nuclear PTEN to basal levels {#s2b}
-------------------------------------------------------------------

To determine if increased nuclear PTEN localization resulting from cellular ATP depletion was reversible, we depleted ATP in the cells, as previously described. We then removed the ATP depletion media containing the metabolic inhibitors and added fresh glucose-free medium (regeneration media) to each cell line, allowing the regeneration to continue, in a time-dependent manner for 2--4 h. By 4 h, cellular ATP levels had been restored to ∼61% of that observed in control cells (Fig. [1](#DDN185F1){ref-type="fig"}). When we examined the levels of nuclear PTEN following ATP regeneration, by both western analysis (Fig. [2](#DDN185F2){ref-type="fig"}A--D) and immunofluorescence (Fig. [3](#DDN185F3){ref-type="fig"}A and B), we found that in each case, nuclear PTEN levels were lower in the cells in which ATP was allowed to regenerate compared with nuclear PTEN levels observed in ATP-depleted cells (Fig. [3](#DDN185F3){ref-type="fig"}). This confirmed that, in all three cell types (regeneration immunofluoroscence data only shown for MCF7 cells), nuclear PTEN levels increased in the absence of ATP, while nuclear PTEN decreased in response to increasing ATP levels.

Metabolites of ATP, but not ATPγS can modulate PTEN localization {#s2c}
----------------------------------------------------------------

Based on our results, we chose to examine whether metabolites of ATP are able to reverse the nuclear localization observed in cellular ATP-depleted cells. To this end, following ATP depletion, we supplemented the glucose-free regeneration media with ATP, ADP, AMP, deoxy-ATP (dATP) or the non-hydrolyzable ATP analogue, ATPγS. The addition of each component to the regeneration media affected the regenerated levels of cellular ATP. In adenosine nucleoside- and glucose-free regeneration media, the cellular ATP levels were ∼61% of the ATP levels measured in control cells. The addition of ATP to the regeneration media resulted in cellular ATP levels that were ∼76% of control cells. The addition of other components also influenced ATP regeneration, with the addition of ADP resulting in regeneration of ATP to ∼71% of control, of AMP ∼66% of control, of ATP**γ**S ∼12% of control levels and of dATP ∼54% of control levels (data not shown).

As shown above, nuclear PTEN increased when cellular ATP was depleted in breast, thyroid and colon cancer lines (Figs [2](#DDN185F2){ref-type="fig"} and [3](#DDN185F3){ref-type="fig"}, [Supplementary Material, Fig. S1 and S2](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1)). We found that the addition of ATP, ADP or AMP resulted in a decrease in nuclear PTEN protein across breast, colon and thyroid cancer cells lines (Fig. [4](#DDN185F4){ref-type="fig"}, [Supplementary Material, Fig. S3](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1)). In contrast, the addition of ATP**γ**S did not reverse the ATP-dependant change in nuclear PTEN levels in any of the cell lines (Fig. [4](#DDN185F4){ref-type="fig"}A--D). Interestingly, supplementation with dATP, after cellular ATP depletion, reversed PTEN nuclear localization only in colon cells. In breast and thyroid cancer cells, this effect was subtle.

![Metabolites of ATP, but not ATPγS, decreased nuclear PTEN levels. Cells were ATP-depleted for 2 h using ATP-depletion media, after which the depletion medium was replaced with glucose-free medium supplemented with 2 µM of either ATP, ADP, dATP, AMP, or ATPγS. Cells were subjected to subcellular fractionation and western analysis. Representative autoradiographs are from the analyses of (**A**) MCF7 breast carcinoma cells, (**B**) RKO colorectal carcinoma cells and (**C**) WRO-82-1 thyroid carcinoma cells. The remaining breast and colorectal cell lines behaved similarly and their data can be viewed in the [supplemental data file](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1). (**D**) To determine the effects on these tested cell lines, we quantitated the relative amount of nuclear PTEN protein by densitometry to obtain the ratio of nuclear PTEN to the nuclear loading control PARP-1. This ratio of nuclear-PTEN to PARP-1 was normalized to 1.0 in untreated cells (left-most 3 bars). Each bar depicts the mean ± SEM of three individual experiments.](ddn18504){#DDN185F4}

DISCUSSION {#s3}
==========

While there is now increasing evidence of the role of proper intracellular localization in the regulation of PTEN\'s function, the mechanism of PTEN nuclear transport is not clear ([@DDN185C19]). PTEN does not possess a traditional NLS. Several mechanisms have been proposed for localization of PTEN to the nucleus; however, to date, a common mechanism has not been elucidated ([@DDN185C14],[@DDN185C17]--[@DDN185C25]). Interestingly, active transport and the role of ATP has not been previously investigated. Based upon other proteins\' requirement for active transport ([@DDN185C34]--[@DDN185C37]), we hypothesized that PTEN would require ATP for nuclear import. Surprisingly, we found that depletion of cellular ATP resulted in increased nuclear PTEN levels in a variety of cancer cell types.

Our current observations suggest that nuclear PTEN accumulation requires ATP for either active export from the nucleus or that there is a loss of ATP-dependent inhibition of nuclear import. This effect on PTEN localization was reversible as regeneration of ATP, either through replacement of the media or through supplementation, resulted in a decrease in nuclear PTEN levels. Addition of ATP to the regeneration media increased the total intracellular ATP levels as well as reversed the increase in nuclear PTEN observed following ATP depletion. That the ATP-related nucleotides ADP, AMP, and to a much lesser extent dATP, also facilitated these changes suggests that the cells remained capable of producing ATP throughout the depletion process. Supplementation with ATP precursors enhanced the regeneration process, and as a result, both increased ATP levels and decreased nuclear PTEN. In contrast, addition of ATP**γ**S to the ATP regeneration media did not result in an enhanced recovery of ATP levels or a decrease in nuclear PTEN. This difference highlights that it is the functional aspects of ATP and/or its related compounds that are important factors in PTEN\'s localization, not simply the structural aspects of ATP in general.

Our results with ATP**γ**S also suggest that protein phosphorylation may play a role in the subcellular localization of PTEN. Direct phosphorylation has been suggested to play a role in PTEN function. Indeed, phosphorylation of PTEN plays a role in its stability and others have demonstrated that phosphorylated PTEN can modulate its location in specific cell types ([@DDN185C21],[@DDN185C22]). However, we have shown that in MCF7 cells, PTEN nuclear localization is independent of PTEN phosphorylation ([@DDN185C17]). This system provides further evidence that nuclear import of PTEN is independent of its phosphorylation state, as under decreased ATP conditions (where nuclear PTEN increases) PTEN is not phosphorylated ([Supplementary Material, Fig. S4](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1)). However, it remains a possibility that the phosphorylation of another key protein is important for either inhibiting ATP import or in facilitating PTEN export. An example of phosphorylation-dependent export is the DNA-PK-dependent nuclear export of androgen receptor, which has been demonstrated in prostate cancer cells ([@DDN185C38]). In this system, DNA-PK phosphorylates the androgen receptor or an interacting component, resulting in nuclear export. While we do not postulate that DNA-PK is involved in our system, this system demonstrates the possibility of this concept. Another example of the role of ATP in nuclear export involves the Ran-GDP/Ran-GTP model. Yoneda and colleagues isolated an ATP-dependent activity that stimulated the release of GDP from Ran in the presence of NTF2 ([@DDN185C39]). GDP release allowed for an association between Ran and GTP that facilitates exportin-mediated nuclear export. ATP enhanced the GDP release and this enhancement was inhibited by non-hydrolysable ATP analogues. In addition, the inhibition of protein phosphatase activity enhanced this activity, suggesting that it may be regulated by a phosphorylation event. We do not believe that this exact mechanism is the one that we observe, as the Ran-mediated mechanism of nuclear PTEN import does not appear to be involved in PTEN nuclear import in MCF7 cells (Minaguchi and Eng, unpublished results); however, this does not preclude a similar mechanism from being involved. It is also worthy to note that we have not seen a change in nuclear PTEN protein levels in MCF7 cells treated with the Protein Kinase C inhibitors staurosporin or GF10923X (Minaguchi and Eng, unpublished results). These results may suggest that PKC-dependent protein phosphorylation may not be involved in the common mechanism that we are observing here; however, further studies into this potential mechanism, while beyond the scope of this paper, may be fruitful.

Nuclear PTEN has been shown to be involved in several cellular processes such as cell cycle regulation, down-regulation of the MAPK signalling cascade and increases in apoptosis. Determination of the downstream effects of the ATP depletion-dependent increase in nuclear PTEN is problematic in our model system. The nearly complete depletion of cellular ATP renders examination of protein activation in the MAPK cascade by phosphorylation status uninterpretable, as all proteins become hypo-phosphorylated (including PTEN itself) under these experimental conditions. Additionally, following incubation under ATP-depleting conditions for \>5 h , most cells were found to detach from the tissue culture plates, rendering cell cycle analysis difficult. These issues were not surprising considering the importance of ATP in cellular homeostasis. Nonetheless, we found that following 3--4 h under ATP depletion, MDA-MB-231, MCF-7 and RKO cells all demonstrated a slight increase in TUNEL and Annexin V staining (data not shown). The MDA-MB-231 cells demonstrated a 2-fold higher level of TUNEL staining than the MCF-7 and RKO cells. Interestingly, it was the MDA-MB-231 cells that also demonstrated the greatest increase in nuclear PTEN in response to ATP depletion, suggesting that this apoptotic response might indeed be a result of the increase in nuclear PTEN. While these results were preliminary, they highlight the need for future investigations into the role of ATP in modulating nuclear PTEN levels.

That manipulation of ATP levels in the cell results in nuclear localization of PTEN may suggest the involvement of intracellular energy-sensing mechanisms. This is an interesting area that warrants further investigation, particularly in light of potential cancer therapies that could manipulate energy and therefore regulate the localization of PTEN. Recently, work by Liu *et al*. have demonstrated in glioblastoma, that TSC2 and S6Kinase 1/2 activation are involved in the export of PTEN from the nucleus ([@DDN185C24]). Further elucidation of components of this potential signalling pathway leading to PTEN export, while beyond the scope of this paper, would be recommended.

We present here the first evidence of a common regulation of PTEN localization that is present not only in a few cell lines derived from specific tissues but a variety of cell types, including breast, colon and thyroid lines. Our observations have broad implications, from carcinoma progression, invasion and metastases to therapy. For example, energy levels must vary with the development and progression of carcinomas and is absolutely tied to hypoxia ([@DDN185C40]). Furthermore, our data may also suggest that the manipulation of cellular energy levels could be an important target for cancer therapy that may have an effect on a variety of cancers. That depletion of ATP results in an increase in nuclear PTEN, in a variety of cell lines from diverse lineages, suggests that altering the subcellular localization of PTEN through modulation of ATP levels may be a beneficial adjunct to traditional therapies in multiple tumour types.

In fact, modulation of ATP levels has been shown to be therapeutically relevant. Maschek and colleagues demonstrated that treatment with 2-DG significantly enhances the effectiveness of paclitaxel and adriamycin in a xenograft model of human osteosarcoma and non-small cell lung carcinoma ([@DDN185C27]). It may be important to note that clinical treatments that result in ATP depletion, when used in combination with radiation or chemotherapeutic treatment, appears to result in enhanced tumour regression in a variety of preclinical studies ([@DDN185C26]--[@DDN185C31]). These preclinical and clinical studies show that ATP depletion may be a well-tolerated adjunctive therapy to traditional chemotherapeutic and radiotherapy regimens. It is intriguing to speculate that the underlying cause of this increase in efficacy might be due to the ATP depletion-mediated increases in nuclear PTEN levels. This both affirms the potential utility of agents that increase nuclear PTEN levels in the development of future combinatorial therapies and demonstrates the need for an increased understanding of the mechanisms of nucleo-cytoplasmic shuttling of PTEN in both sporadic malignancies as well as neoplasias relevant to Cowden syndrome for treatment and prevention.

MATERIALS AND METHODS {#s4}
=====================

Materials {#s4a}
---------

Glucose-free DMEM and RPMI were from GIBCO BRL (Hercules, CA). ATP Bioluminescence Assay Kit CLS II was from Roche Applied Sciences (Indianapolis, IN). Prolong Gold antifade mounting medium was purchased from Invitrogen (Carlsbad, CA). NE-PER kit and BCA protein assay kit were from Pierce Biotechnology Inc. (Rockford, IL). Antibodies used were α-PTEN monoclonal antibody clone 6H2.1 (Cascade Biosciences, Portland, OR), phospho-PTEN, α-tubulin and α-PARP-1 antibody (Cell Signaling Technologies, Danvers, MA). All other chemicals/reagents were obtained from common commercial sources.

Cell lines and culture conditions {#s4b}
---------------------------------

MCF7, MDA-MB-231, breast carcinoma lines and WRO-82-1 follicular thyroid carcinoma lines were maintained in high-glucose DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin--streptomycin sulphate. HT29, GC3 and RKO colorectal cell lines were maintained in high-glucose RPMI supplemented with 10% FBS, 1% penicillin--streptomycin sulphate. All cell lines were maintained at 37°C and 5% Co~2~. All cell lines were screened for *PTEN* mutations in the coding, flanking intronic and minimal promoter regions using both DGGE and automated sequencing. All cell lines studied express wild-type PTEN.

Cellular ATP depletion {#s4c}
----------------------

Cells were seeded at a density of 2 × 10^6^ per 100 mm dish in complete medium and allowed to adhere overnight. Control cells were maintained in either regular/complete medium or glucose-free medium. For ATP depletion, cells were incubated in glucose-free media (Gluc-medium) containing 10 m[m]{.smallcaps} sodium azide and 6 m[m]{.smallcaps} 2-DG, supplemented with 10% FBS and 1% penicillin--streptomycin sulphate, at the times indicated ([@DDN185C35],[@DDN185C37]). Intracellular ATP levels were determined using a bioluminescent luciferase--luciferin somatic cell assay kit according to the manufacture\'s instructions (Roche Applied Sciences, Indianapolis, IN). Briefly, at the time of harvesting, one-third of the cells were collected and processed for recovery of free ATP. Following ATP depletion, the cells undergo morphological changes, similar to those described by others ([@DDN185C35],[@DDN185C37]). While this varies across cell lines, in general, we found that at 2 h post-ATP depletion the cells begin to round up and that by 5 h post-depletion they are beginning to detach from the culture dish. Based on these observations, we chose the 4 h post-depletion time for analysis.

Regeneration of cellular ATP {#s4d}
----------------------------

After cellular ATP depletion, as described above, the media was replaced with fresh glucose-free medium supplemented with 10% FBS and 1% penicillin--streptomycin sulphate. In some experiments, as indicated in figures and figure legends, the ATP-regeneration media was supplemented with 2 µM of either ATP, dATP, ADP, AMP or ATPγS, Regeneration was carried out for a maximum of 4 h as indicated in figures and figure legends. Intracellular ATP levels, post-regeneration, were determined as described above.

Subcellular isolation and western blot analysis {#s4e}
-----------------------------------------------

Nuclear and cytoplasmic proteins were isolated as previously described ([@DDN185C14],[@DDN185C23]) using the NE-PER nuclear-cytoplasmic extraction reagents according to the manufacturer\'s instructions (Pierce, Rockford, IL). Proteasome and phosphatase inhibitors were added to the extractions buffers at the following concentrations: 0.5 mg/ml bezamidine hydrochloride; 2 µg/ml each of leupeptin, aprotinin and pepstatin A; 10 m[m]{.smallcaps} β-glycerophosphate; 0.2 m[m]{.smallcaps} sodium orthovanadate; 2 m[m]{.smallcaps} phenylmethylsulfonyl fluoride and 25 m[m]{.smallcaps} sodium fluoride. Protein concentrations were determined using the BCA assay, using BSA as a standard. Proteins were separated on 10% SDS--PAGE gels using the Criterion system (Bio-Rad, Hercules, CA) and transferred to nitrocellulose. Equal protein loading was confirmed by staining the nitrocellulose blots with Ponceau S and by western analysis with α-tubulin (cytosolic protein) or α-PARP-1 (nuclear protein). Blots were probed with either, α-PTEN, α-tubulin or α-PARP-1, at 1:1000 dilution, then incubated with the appropriate secondary antibody as previously described ([@DDN185C14],[@DDN185C23]). Proteins were visualized using enhanced chemiluminescence.

Indirect immunofluoroscence {#s4f}
---------------------------

Cells were prepared for indirect immunofluoroscence as previously described ([@DDN185C14]) with minor modifications. Cells were grown on coverslips in 6-well dishes in tandem with cells for nuclear-cytoplasmic protein extracts. Cells were fixed in freshly prepared 4% paraformaldehyde for 20 min, blocked using blocking solution (2% BSA and 0.2% Triton-X 100 in PBS) for 10 min and immunostained with α-PTEN antibody (1:100) for 1 h at room temperature. Cells were subsequently washed with PBS and incubated with an α-mouse FITC-conjugated secondary antibody (1:100) for 1 h at room temperature. After washing with PBS, coverslips were mounted face down on glass slides (Labtek Inc., Grand Rapids, MI) with a small drop of mounting medium, ProLong Gold antifade containing DAPI. Cells were viewed with a Zeiss Axio fluorescent microscope (Imager A1) (Carl Zeiss Inc., Thornwood, NY) with an Achroplan 20× and 40× objective that had a numerical aperture of 0.50, fitted with filters for FITC and DAPI identification and equipped with a computer-supported imaging system. Images were captured using Zeiss\' AxioCam MRc5 high-resolution digital camera in conjunction with the AxioVision 4.5 multi-channel fluorescent acquisition software. Background correction settings with the computer support were standardized for all images. Approximately 200 cells, from 15--20 fields, were counted per slide.

SUPPLEMENTARY MATERIAL {#s5}
======================

[Supplementary Material is available at HMG Online](http://hmg.oxfordjournals.org/cgi/content/full/ddn185/DC1).
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